Earlier NMR studies showed that the polyisoprenols (PIs) dolichol (C 95 ), dolichylphosphate (C 95 -P) and undecaprenylphosphate (C 55 -P) could alter membrane structure by inducing in the lamellar phospholipids (PL) bilayer a nonlamellar or hexagonal (Hex II ) structure. The destabilizing effect of C 95 and C 95 -P on host fatty acyl chains was supported by small angle X-ray diffraction and freeze-fracture electron microscopy. Our present 1 H-and 31 P NMR studies show that the addition of a polyisoprenol recognition sequence (PIRS) peptide to nonlamellar membranes induced by the PIs can reverse the hexagonal structure phase back to a lamellar structure. This finding shows that the PI:PIRS docking complex can modulate the polymorphic phase transitions in PL membranes, a finding that may help us better understand how glycosyl carrier-linked sugar chains may traverse membranes.
Introduction
Based on the above findings, we initiated the present and C 95 -P in model membranes, as a first approximation in understanding how PIs may modulate membrane PL polymorphism; and (4) to determine the number of PIRS peptides that can bind to a single PI molecule, and the 3-D structure of the binding complex. The results from our spectroscopic studies
show that the addition of a PIRS peptide to nonlamellar membranes induced by the PIs can reverse the nonlamellar hexagonal phase back to a lamellar structure. Our molecular modeling calculations have shown that as many as five PIRS peptides can bind to a single PI molecule. These findings lead to the hypothesis that formation of a hexagonal structure induced by the PIs may have the potential of forming a membrane channel that could facilitate glycoconjugate translocation processes. This is an alternate hypothesis to the possible existence of hypothetical "flippases" to accomplish movement of hydrophilic sugar chains across hydrophobic membranes.
(CH 3 ), methylene (CH 2 ), and -N(CH 3 ) 3 protons in DOPC vesicles alone. These chemical shifts were recorded to be 0.88, 1.28, and 3.24 ppm, respectively ( Fig. 1 A (a) .
[INSERT FIG. 1].
To examine the extent of membrane perturbation induced by C 95 , 10 mol % of the PI was incorporated into the same vesicles, resulting in a chemical shift of the same protons to 0.82, 1.24, and 3.21 ppm, respectively (Fig. 1A(b) . These results were consistent with a hydrophobic interaction occurring between C 95 and the CH 3 and CH 2 protons in the fatty acyl chains of DOPC, likely reflecting a change in membrane structure. Similarly, after incorporating 10 mol % C 95 -P into the vesicles, the chemical shift of the same host protons changed to 0.83, 1.24, and 3.19 ppm, respectively ( Fig. 1B(b) .
Changes in the chemical shift induced by C 95 -P in the -N(CH 3 ) 3 protons was slightly greater (3.25 vs 3.19) than those induced by C 95 (3.25 vs 3.21). These results thus confirmed a direct interaction between C 95 and C 95 -P and host PLs, suggesting that incorporation of either C 95 or C 95 -P into DOPC vesicles perturbed the structure of the host membrane lipids. The effect was somewhat more pronounced with C 95 -P than C 95 . Importantly, these 1 H-NMR finding extend results obtained using 31 P-NMR (Valtersson et al. 1985; Duijn, 1987; Knudsen and Troy, 1989) . They are also in accord with and extend earlier 2 H-NMR studies showing that the head and tail groups of C 95 had nearly identical T 1 times in host membranes (de Ropp et al., 1987) . Further, our molecular structure of C 95 (Zhou and Troy, 2003) is also consistent with these NMR results and shows that the head and tail groups of the PI are both oriented near the ester carbonyl groups of the PL, which is in close proximity to the aqueous-bilayer interface.
H-NMR Studies Establish that PIRS Peptides Alone Do Not Alter Membrane Structure
To determine if a PIRS peptide itself could alter membrane BL structure, 10 mol % Dpm1 was incorporated into DOPC vesicles.
1 vesicles (Fig. 1B(c) . In contrast to the chemical shift induced by C 95 and C 95 -P, these values were nearly identical to that of DOPC membranes alone. A similar finding was obtained with two other PIRS-containing peptides, NeuE and Alg7 (results not shown). Relative to the change in membrane structure induced by the PIs, these results suggested a much weaker interaction occurs between the relatively hydrophobic PIRS peptides and the fatty acyl chains in DOPC vesicles. On this basis, we conclude that the PIRS peptides alone have little perturbing effect on membrane PL structure.
H-NMR Spectroscopy Shows that the C 95 -or C 95 -P:DpmBinding Complex Can Reverse the Nonlamellar Structure Induced by the PIs Back to a Lamellar Conformation
When 10 mol % of C 95 and Dpm1 were incorporated together into DOPC vesicles, forming a PI:PIRS binding complex (Zhou and Troy, 2003) , the chemical shift in the CH 3 , CH 2 , and -N(CH 3 ) 3 protons was determined to be 0.90, 1.29, and 3.27 ppm, respectively (Fig. 1A (d) . These values were nearly identical to the corresponding chemical shifts in DOPC vesicles alone (Fig. 1A (a) , and in contrast to the larger chemical shifts induced by C 95 or C 95 -P (Fig.1A (b) and 1B (b), respectively. These results suggested that the nonlamellar conformation induced by C 95 was reversed back to a lamellar bilayer structure by the C 95 :Dpm1 peptide binding complex. Similarly, the C 95 -P:Dpm1 peptide complex could also reverse the nonlamellar membrane structure induced by C 95 -P back to a bilayer configuration (Fig. 1B(c) . It thus appears that PIRS peptides, when in complex with C 95 or C 95 -P, can modulate the change in membrane structure induced by the PIs. The ability of PIs to destabilize the membrane, and for the PI:PIRS peptide binding complex to transiently modulate this disordering could be an important factor in understanding how glycoconjugates might traverse biological membranes, as developed below.
P-NMR Studies Confirms that the PI-Induced Nonlamellar Phase in PL Membranes Can Be
Reversed by the PI:PIRS Peptide Binding Complex 31 P-NMR spectroscopy records the time averaged powder pattern behavior of PL head group orientations, and has been used to characterize and determine different organizational states of PL in membranes (Valtersson et al.1985; Duijn, 1987; Cevc and Marsh, 1987; Devaux et al., 1986; Kohler and Klein, 1977; Cullis and de Kruijff, 1979; Chan et al., 1981) . Our previous studies used PC or PE:PC (2:1) vesicles to measure the 31 P-NMR spectra of the PL head groups in the presence and absence of PIs (Knudsen and Troy, 1989; Troy, 1991) . These studies showed that 5 mol % C 55 or C 95 or their phosphorylated derivatives C 55 -P and C 95 -P, could induce a nonlamellar organization of the PL in membranes, consistent with structural features interpreted by others to be a hexagonal (Hex II ) structure (Valtersson et al. 1985; Duijn, 1987; Kohler and Klein, 1977; de Kruijff, 1979, Gruner, 1992) .
In the present study, we carried out P-NMR showed a spectrum expected for model membranes where the PLs exhibit a typical bilayer configuration, characterized by a broad asymmetrical line shape resulting from the anisotropic motions of the PL head groups, as described in the above references.
[Insert Fig. 2 ].
The overall low field shoulder and higher field signal with a chemical shift range of ca. 40 ppm is in agreement with that reported for the lamellar bilayer line shape profile. This bilayer spectrum is distinctly different, however, from the sharp 31 P NMR spectrum seen after incorporating 5 mol % C 95 into the vesicles (Fig. 2(b) . As shown, the addition of the PI decreased the line width nearly two-fold and the asymmetry of the spectrum was reversed. These spectral features are the characteristic hallmarks of PLs in the nonlamellar (Hex II ) phase wherein an isotropic peak is shifted downfield by ~5 ppm, and the broad component (~20 ppm) is shifted upfield. Nearly identical spectra were recorded when 5 mol % C 95 -P was incorporated into the same PL vesicles (results not shown). As the 31 P-NMR spectra shown in Fig. 2(b) reflects the mirror image of the lamellar spectrum ( Fig. 2(a) , we conclude that C 95 (and C 95 -P) can induce a nonlamellar phase organization of the PL molecules in the membrane, a result in accord with our P-NMR spectral characteristics of lamellar (BL) and nonlamellar (non-BL) membrane structure).
When 5 mol % of NeuE and C 95 were incorporated together into DOPE:DOPC (2:1) vesicles, the line shape of the proton decoupled 31 P-NMR spectrum and the chemical shift of the peaks (Fig. 2(c) became nearly identical to the lamellar spectrum of DOPE:DOPC alone (Fig. 2 (a) Table I . The converse that faster motions are associated with decreased correlation times also generally holds. Consistent with this interpretation is the 31 P line shape, which is known to depend directly on correlation times that reflect lipid motion (Chan et al., 1981 and ref. therein; McLaughlin et al., 1977) . Accordingly, we interpret our T 1 results to suggest that the PL head groups had decreased correlation times and therefore faster motions in the presence of C 95 , as predicted for the organization of PL in the nonlamellar state. Taken together, these T 1 results provide additional information on the rates of lipid motions that correlate with the motional and conformational states of the PL, as observed by 31 P NMR (Fig. 2) . These T 1 findings thus provide further evidence that the PI:PIRS peptide binding complex can modulate the change in membrane structure induced by the PIs alone.
Molecular Motions of PIs in Model Membranes
It is likely that the molecular motions, membrane organization and 3-D structures of both the free and phosphorylated PIs are relevant to their function, and to a better understanding of the precursor-product relationship between C 95 and C 95 -P. For example, our finding that C 95 is oriented to one leaflet of the bilayer in contrast to the orientation of C 95 -P in both leaflets (see below) could be important for a better understanding of the topology/function of dolichol kinase and/or Dol-P and Dol-P-P phosphatases. Thus, models of the topology and how/where C 95 is phosphorylated, and Dol-P and Dol-P-P dephosphorylated should consider the limits imposed by the orientation of both C 95 and C 95 -P in the membrane and their molecular motions. Troy, 1985; de Ropp et al., 1987) . These studies showed that the head and tail groups of the neutral PIs had the same T 1 and correlation times. More recently, we measured the T 1 times of the poly-CH, poly-CH 2 and poly-CH 3 protons in the coil region of C 95 and C 95 -P by 1 H NMR (Zhou and Troy, 2003) . These findings showed that the T 1 value of the poly-CH protons in C 95 (910 ms) was close to that of the CH 3 protons adjacent to the head group (950 ms), whereas the T 1 value of the poly-CH protons in C 95 -P (840 ms) was much shorter than that of the CH 3 protons adjacent to the head group of C 95 -P (1190 ms) ( that the three segments of C 95 , in contrast to C 95 -P, have motions similar to that expected for a location within the bilayer interior. Our molecular modeling of the preferred orientation of C 95 in DMPC membranes to be described below also showed that the head, tail, and the central coiled regions of C 95
were localized on the same side of the bilayer, and in close apposition with the bilayer interface, (see below and Fig. 4A ). This orientation accounts for the different T 1 values between these same three regions of C 95 -P, which are much greater than the T 1 values and orientation of C 95 (Zhou and Troy, 2003) .
Based on 31 P NMR spectra of C 95 -P in digalactosyl-diglyceride, Valtersson et al. concluded that the charged phosphate group undergoes motions similar to those experienced by PL head groups in a bilayer (Valtersson et al., 1984) . Duijnet et al. presented a model in which the phosphate head group of an extended form of C 95-P (~100Å) was located at the lipid-water interface, a minor part of the isoprene chain ran parallel to the fatty acid chains, and most of the nonpolar isoprene units were located between the two monolayers (Duijn, et al., 1987) . Our NMR and molecular modeling studies of the PIs have shown,
however, that the energy minimized structures do not exist in an extended conformation, but rather are tripartite molecules, with their three domains arranged in a coiled, helical structure with lengths of 32Å
(C 95 -P), 33Å (C 95 ) and 22Å (C 55 -P) (Fig. 5 in Zhou and Troy, 2003) . With this new structural information, we carried out studies to determine the preferred orientation of C 95 and C 95 -P in PL membranes, and the impact that their complex with the PIRS peptides have on membrane structure.
Thermodynamic Reversibility of the C 95 -induced Nonlamellar Phase Transition in DOPE/DOPC Membranes
The 31 P NMR spectra in 
Determination of the Preferred Conformation of the PIs and the PI:PIRS Peptide Complex in

Phospholipid Membranes
Based on EPR studies, a model in which C 95 was sandwiched between the two faces of a PL bilayer was proposed (McCloskey and Troy, 1980a,b) . Subsequent 2 H-NMR (de Ropp and Troy, 1984, 1985; ) and 31 P-NMR studies (Valtersson et al. 1985; Knudsen and Troy, 1989) supported this model and further revealed that both ends of acetyl esterified PIs were localized in the bilayer interior. This led to the conclusion that the shorter chain esters of C 10 , C 15 and C 45 did not adopt a conventional "head group at interface" orientation. More detailed information, however, on what is the 3D conformation of the PIs, their preferred orientation in PL membranes, and how this orientation might effect PI interactions with host PL or transmembrane proteins, has not been previously addressed in any system. A helpful beginning to understanding these questions was the recent elucidation of the 3D conformation of the PIs and their binding complexes with PIRS peptides (Zhou and Troy, 2003 A molecular model of dolichol based on small-angle-X ray scattering (SAXS) and molecular mechanics data was first constructed by Murgolo et al. (1989) . The dimensions of C 95 were reported to be 53.07 Å (length) x 30.94 Å (width) and the molecule was proposed to consist of three geometrical regions, a central coiled segment and two flanking regions. Based upon our recent NMR and energy minimization studies with respect to all atoms using the AMBER force field (Chou et al., 2000; Weiner, et al., 1984) , we determined a different 3-D structures for C 95 and also derived structures for C 95 -P and C 55 -P (Zhou and Troy, 2003) . The force constants for the phosphate and pyrophosphate groups in AMBER are now well defined, which was not the case for the earlier modeling studies. In our molecular modeling, the dimensions of C 95 were determined to be 31.87 Å (length) x 15.41 Å (width).
These findings also revealed that the 3-D conformation of C 95 , C 95 -P and C 55 -P were nearly identical tripartite molecules with their three domains arranged in a coiled, helical structure (see Fig. 5 in Zhou and Troy, 2003) . In our calculations, the lowest steric energy conformations of C 95 -P and C 55 -P also gave rise to three geometrical regions, consisting of a central coiled segment and two flanking arms, representing the head and tail domains, respectively. Our models for the PIs further revealed that the coil and tail regions of C 95 -P and C 55 -P were more compact relative to that of C 95 .
In the present study, the preferred orientation of C 95 and C 95 -P in a PL membrane, a bilayer of DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) was first constructed using energy minimization calculations, as previously described (Zhou and Troy, 2003) . Our 3D models for both C 95 and C 95 -P were built based on our 2D 1 H-NMR NOESY results and refined by energy minimization using the AMBER force field. These structures were then inserted in different orientations in the DMPC bilayer in order to determine the orientation that resulted in a minimum docking energy for each PI. An important structural feature to emerge from the study of C 95 (Fig. 4A) was that the long axis of C 95 was oriented more parallel to the interface of the bilayer, in contrast to the more perpendicular orientation of C 95 -P that would be required to span a bilayer (Fig. 4B) , as described below. Similarly, we sought to determine the preferred orientation of C 95 -P in a DMPC bilayer. An energy minimized, space filling model of C 95 -P in the DMPC bilayer is shown in Fig. 4B . In contrast to the near horizontal orientation of C 95 , the angle between the long axis of C 95 -P and the interface of the bilayer was about 75°, the phosphorus atom of C 95 -P being anchored near the aqueous interface. A comparison of the energy minimized models of C 95 (Fig. 4A ) with C 95 -P (Fig. 4B) showed that C 95 -P was more disruptive of membrane structure, as it perturbed a greater number of fatty acyl chains (green) than C 95 .
Again, the fatty acyl chains of the PL are seen to interact with the central coiled segment of C 95 -P.
Similar to C 95 , C 95 -P is also sandwiched in the intrabilayer region. Unlike C 95 , however, C 95 -P was tilted about 75° in the plane of the bilayer, as noted above. A second distinguishing feature was that C 95 -P extends beyond the bilayer midplane, being partially oriented in both leaflets of the host bilayer (Fig. 4B ).
This is in contrast to the orientation of C 95 , which is localized principally to only one leaflet at the interface of the bilayer interior (Fig. 4A) . Based on these findings, we conclude that the preferred orientation of C 95 is primarily horizontal to the plane of the bilayer, while C 95 -P is preferentially arranged more perpendicular to the plane of the bilayer. The C 95 -P orientation is favored by the more hydrophilic phosphate head group on these amphipathic molecules that seek to maximize their interaction with the aqueous interface. In both cases, however, C 95 and C 95 -P molecules are in close apposition with the acyl chains of the host Pls.
To determine the effect of a PI:PIRS binding complex on the structure of DMPC bilayers, a NeuE:C 95 -P docking structure was inserted into the membrane using the energy minimization methods that were used to model C 95 and C 95 -P (Zhou and Troy, 2003) . Steroview structures of this binding complex in DMPC membranes revealed, as in Fig. 4 , that the head group of C 95 -P was at the lamellar interface, and that a significant portion of the docking structure was located near the middle of the bilayer. They also showed that both C 95 -P and NeuE interacted with the fatty acyl chains of DMPC (results not shown). These results thus support our NMR findings suggesting that it is these hydrophobic interactions that likely induce the PI-mediated conformational change in membrane structure, and that it is the PI:PIRS peptide binding complex that reverses the nonlamellar phase back to the bilayer conformation. To determine how this NeuE:C 95 -P docking structure derived from the NMR results might change after being intercalated into a DMPC bilayer, we modeled the complex after the bilayer was removed, thus revealing an energetically favorable docking structure (Fig. 5) .
[INSERT FIG. 5].
As shown in this structure, the key contact amino acids previously described in NeuE that , still remained docked to the central coiled region of C 95 -P. These energy minimization finding thus confirm the specificity of the PIRS residues in binding to C 95 -P, results originally determined by our 2-D NMR studies (Table IX in Zhou and Troy, 2003) . Table II , an unexpected finding was that the free energy of PIRS binding to the PI became significantly less for each subsequent NeuE bound.
[INSERT TABLE II].
The free energy of binding ranged from -9 Kcal/mol for binding of the first NeuE to C 55 -P to -32
Kcal/mol for binding of the fifth NeuE peptide, which is the maximum number of peptides that can bind a single PI molecule. These results show that binding of the first PI molecule initiated cooperative binding of subsequent PIRS peptides, a finding that may be of biological relevance in the formation of a membrane pore or channel, as discussed below.
A second important finding to emerge from these studies was that C 95 and C 95 -P have different preferred orientations in host PL membranes, as described above. These differences may account for the different number of PIRS peptides that can bind to a PI. For example, because of the more horizontal orientation of C 95 in the interface region between the two leaflets (Fig. 4A) , the distance between one side of C 95 and the bilayer interface is about 3.5 Å. Since the diameter of a PIRS peptide (~16 Å; Zhou and Troy, 2003) is greater than this distance, it is possible for a C 95 molecule intercalated in a horizontal orientation to bind only 3 NeuE peptides. In contrast, energy minimization and molecular modeling calculations showed that a C 95 -P (or C 55 -P) that is oriented more perpendicular to the plane of the bilayer can bind as many as 5 NeuE peptides (Table II) , as this orientation eliminates the size constraints noted for C 95 . (Fig. 5) .
[INSERT FIG. 5].
As shown in this figure, protons (Zhou and Troy, 2003) . The different binding properties of C 95 and C 95 -P between PIRS peptides described above could potentially influence the catalytic activities of different glycosyltransferases within a multiglycosyltransferase complex. Specifically, the conformational change induced in such a glycosyltransferase upon binding to the active, phosphorylated PI within such a complex may be a determinant in regulating enzyme activity. Attenuation in the level of enzyme activity could occur when the productive complex dissociates. Our studies suggest that these catalytic effects may be dependent on specific binding between their transmembrane PIRS sequences and C 95 -P or C 55 -P.
Possible Involvement of PI:PIRS Binding Complex in Channel Formation
As shown in Fig. 6A , a single C 55 -P molecule can tether up to five PIRS peptides to form a potential channel in the membrane. Such a channel might facilitate the transport of N-linked oligosaccharides, or other PI-linked sugars, including polysialic acid, across biological membranes.
How might it be possible for such a channel to form? We have reported that the 9th or 10th amino acid residue within the PIRS domain of many glycosyltransferases involved in N-linked glycosylation is proline (Zhou and Troy, 2003) , which leads to a break in the helices of proteins (Piela et al, 1987) . Other studies have indicated a bias toward proline residues within the transmembrane-spanning domains of proteins involved in transport functions Brandl, and Deber, 1986) . While the significance of these findings is not fully understood, the cyclic side chain of proline prevents it from forming a hydrogen bond with the amino acid residue in the preceding turn of the α-helix. This may favor the formation of structures in which a hydrogen bond is provided by a specific interaction with a residue from another membrane protein or lipid. This could facilitate polar interactions between several different or identical PIRS-containing proteins that are tethered to the same PI molecule. The result of these interactions may induce the conformational change in both the PI and PIRS peptides that we have reported (Zhou and Troy, 2003) , and the subsequent release of the PI from the PI:PIRS complex, with the concomitant formation of a channel. An energy minimized model of such a PI-induced channel consisting of five PIRS-containing peptides is shown in Fig. 6B .
Based on our experimental data and the molecular modeling calculations, the insertion of C 95 or C 95 -P into host PL membranes induces small changes in the thickness of bilayer and the distance between neighboring phosphorus atoms (Zhou and Troy, 2003) . These changes reflect a conformational change in the head groups of the PC membranes. Studies carried out by Janas et al. indicated that C 55 -P decreased DOPC membrane conductance and ionic permeability (Janas et al., 1994) . This means that the translocation of the highly polar and anionic charged polysialic acid across the inner membrane in E.coli K1, for example, cannot depend solely on C 55 -P, results in agreement with our findings that a tethered complex of a PI with PIRS may be important. Although the effect on membrane permeability by PIs is not well established, our NMR studies show that docking between the NeuE peptide and C 95 in PE/PC (2:1) vesicles can inhibit the rapid motion of the PIs, and thereby change the nonlamellar phase induced by C 95 or C 95 -P back to a lamellar structure. This implies that the reversible bilayer to non-bilayer change may be controlled by whether a PI molecule is free within the membrane, and therefore capable of inducing the nonlamellar configuration, or bound to a PIRScontaining protein, in which case it can change membrane structure back to a bilayer.
Based on previous studies, we proposed that PIs may function as a flexible matrix or scaffolding to organize and tether proteins of multienzyme complexes to coordinate both biosynthetic and translocation processes (Troy, 1992; Zhou and Troy, 2003) . In the present study, we have extended this experimentally testable model by showing that inverted hexagonal (Hex II ) membranes have the potential to form hydrophilic pores in PL membranes, and that the PIs can induce such lipid
polymorphism. An attractive feature of such a model is that it may lessen the energy barrier for the vectorial translocation of hydrophilic sugar chains across or through biological membranes. Thus, lipid polymorphism in membrane structure between the thermodynamically favorable bilayer-non-layer structure is a model in contrast to the "flip-flop" model proposed by Waechter and colleagues. In this model, "flippases" are hypothesized to catalyze the movement of C 95 -P-linked sugars across hydrophobic membranes (Schenk, et al. 2001 ). While such hypothetical enzymes might reduce the energy barrier for sugar translocation by an unknown mechanism, the flippase model does not account for the considerable energy that would be required to drive sugar chains through lipid bilayers (Lennarz, 1987) . A detailed molecular description of how transmembrane transport of glycoconjugates occurs remains unclear in any biological system. studies were used to further verify these findings. As shown in Table I , the shortest T 1 time for the phosphorus head group was detected when the PIRS peptides, NeuE (or Alg7) bound to C 95 . Taken together, these findings indicate that: (1) the 1 H-NMR results are consistent with those obtained by 31 P-NMR for studying the effects of the PIs and PI:PIRS binding complexes on membrane structure; and (2) that the PI:PIRS docking structure can modulate or change the PI-induced nonlamellar structure back to a lamellar conformation. Neither conclusion has been reported previously. The spontaneous and reversible transformation of the nonlamellar phase transition that is induced by the PIs and modulated by the PIRS peptides are consistent with the thermodynamically favorable phase transitions that may be necessary to accompany the translocation of glycoconjugates across biological membranes. But how might this work? Gruner has noted that biological membranes consist of large amounts of PL prone to form Hex II and that these PL endow bilayers with "mesomorphic plasticity" (Gruner, 1992) . The consequence of this plasticity leads to the disruption of the lipid-water interface and therefore to the nonbilayer alteration in membrane structure. We suggest that the lipid polymorphism resulting from the nonlamellar lipid phase induced by the PIs may provide a hydrophilic pore or channel to facilitate the translocation of lipid-linked hydrophilic sugar chains through membranes. The idea is that the PI may function to tether several PIRS-containing proteins which, because of a positive binding cooperativity between the proteins, may form a transitory hydrophilic channel. This cooperativity results from both electrostatic and van der Waals interactions between the proteins, as previously described (Zhou and Troy, 2003) . Such a channel could thus facilitate the passage of sugar chains linked to the PI from one side of the membrane to the other, without having to traverse directly a hydrophobic bilayer. The energetics of the latter is a difficult problem to reconcile, given the large energy requirement that such a translocation would entail, as previously discussed (Lennarz, 1987; Zhou and Troy, 2003) .
The results of our orientation studies show that C 95 -P is oriented nearly perpendicular to the plane of the bilayer, suggesting that there is repulsion between the phosphate head groups of C 95 -P, and an electrostatic attractive interaction between the negatively charged-phosphorus group of C 95 -P and the positively charged -N(CH 3 ) 3 group of DMPC. These interactions might be expected to perturb bilayer structure. This perturbation alone, however, does not induce a bilayer to non-bilayer change. This is possibly so because of the significant hydrophobic interactions between the other regions of C 95 -P, in particular the central coil region and the fatty acyl chains of DMPC. As we have shown (Fig. 4B) , the intercalation of C 95 -P into the membrane significantly perturbs the fatty acyl chains in both leaflets of the DMPC bilayer. Thus, it is the combination of these interactions that likely results in the greater C 95 -Pinduced conformational change in the structure of PC membranes. It is anticipated that this information may help us to better understand the possible molecular mechanisms that may be involved in PImediated biosynthetic and translocation processes that ferry glycoconjugates across membranes. The details of this important aspect of glycobiology is not understood in any biological system.
Preparation and Structure of the Polyisoprenol Recognition Sequence (PIRS) Peptides
The three 13 amino acid peptides that encompass the PIRS domain in NeuE, Dpm1 and Alg7 (Zhou and Troy, 2003) were synthesized by the California Peptide Research, Inc. (Napa, California) using standard t-BOC chemistry. The resin containing the peptides was dried in high vacuum, and the peptide cleaved from the resin by 90% HF at 0°C. The released peptides were purified by reverse phase HPLC, and were judged to be at least 80% pure. The extremely hydrophobic peptides were dissolved in deuterated dimethylsulphoxide (DMSO-d 6 ) as a stock solution and stored at -20°C. The sequence of the three peptides were as follows:
Deuterated DOPC (1,2-dioleoyl-sn-glycero-3-phosphatidylcholine), DMPC (1,2-dimyristoyl-snglycerol-3-phosphatidylcholine) and DOPE (1,2-dioleoyl-sn-glycerol-3-phosphatidylethanolamine) were 
Preparation of Model Phospholipid Vesicles
For the 31 P NMR studies, aqueous dispersion of large diameter multilamellar vesicles of DOPC and DOPE/DOPC (2:1) were prepared as described previously (McCloskey and Troy, 1980 . Briefly, the solvent from appropriate aliquots of a stock solution of the lipids was removed under a stream of N 2 gas.
Traces of solvent were removed under high vacuum overnight. The lipids were re-suspended in one-half ml of D 2 O containing 50 mM Tris, 0.1M NaCl, pH 7.3 and vortexed for 10 min to achieve complete suspension of the large (~1-2500 Å) multilamellar vesicles (MLVs). For the high resolution 1 H NMR study (Fig. 1) , an XL2020 Sonicator (Heat Systems-Ultrasonics Incorporated, U.S.A) with microprobe was used to sonicate the MLV suspension on ice for 15 min under an inert atmosphere of argon. This produced the smaller diameter (~280-300 Å) unilamellar vesicles (SUVs). After sonication, the resulting clear dispersion was centrifuged at 13,000 x g for 30 min and the vesicles in the supernatant were transferred to a 5 mm NMR tube.
Preparation of Phospholipid Vesicles Containing PIs and PIs plus PIRS Peptide
Incorporation of the PIs and PIRS peptides into dispersions of the PL vesicles was carried out as follows.
DOPC or DOPE/DOPC (2:1) was mixed with: (1) prepared by sonication, as described above. After sonication, the samples were centrifuged at 13,000 X g for 30 min, and SUVs in the supernatant were transferred to a 5 mm NMR tube.
NMR Measurements
All 1 H NMR measurements were carried out on the Nicolet NT-500 instrument (General Electric) operating at 500 Mhz.
1 H shifts were measured relative to the methyl proton resonance of internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS). The one-dimensional proton spectra were recorded with a sweep width of 8000 Hz and 16 K data points. A total of 1024 scans were accumulated, and an acquisition time of 2.05 s was used for the peptide and the mixture of peptide and PIs in the host PL vesicles. A pre-saturated pulse sequence was used to inhibit the strong water resonance peak.
Proton decoupled 31 P NMR spectra were acquired at 121.5 MHz on a GE Omega 300 MHz spectrometer. A 90° radiofrequency pulse with a 1-2 s interpulse time was used with a 40 KHz spectral sweep width. 16 K data points and 10,000 scans were collected for the spectra shown in Fig. 2 (a,b) and Fig. 3 , while 4096 scans were collected for the spectrum shown in Fig. 2 (c) .
Molecular Modeling Calculations to Determine the Preferred Conformation of C 95 and C 95 -P In
DMPC Membranes
Molecular modeling calculations for the PIRS peptide, NeuE, were carried out on a Silicon Graphic Krebs computer using DGII (NMRchitect, Biosym/MSI, San Diego, CA), as previously described (Zhou and Troy, 2003) . In these studies we described the 3D structures of C 95 , C 95 -P and C 55 -P, which were built by energy minimization using the AMBER force field (Chou et al., 1999 (Chou et al., , 2000 . In AMBER, the force constants for the phosphate and pyrophosphate groups are well defined (Weiner et al., 1984) . The bilayer models, consisting of DMPC molecules were constructed using the INSIGHTII program (Biosym/MSI, San Diego, CA). The energy minimization calculations of the PIs and PIRS-PI in DMPC model membranes were also carried out on a Silicon Graphic Krebs computer using DISCOVER of INSIGHTII with 2500 cycles of steepest descent followed by 2500 cycles of conjugate gradient minimization. Minimization moves the atoms in the molecular system to the nearest local minimum, which is not necessarily the global minimum. Minimization was carried out in two steps. First, an equation describing the energy of the system as a function of its coordinates was defined and evaluated for a given conformation. Second, the conformation was adjusted to the lowest value of the target function. vesicles was induced by incorporating 10 mol % of C 95 , as described in the text. 31 P NMR spectra were recorded on the same sample after 2, 3, 4, 5 and 6 days, as shown in panels (a-e), respectively.
All spectra were recorded in D 2 O at 18°C and DSS was used as a chemical shift reference set at 0 ppm. Energy minimization and molecular modeling calculations were carried out as described under "Materials and methods". ). The remaining NeuE residues are shown in green.
The phosphorus atom in the head groups of C 95 -P is shown in red. The 3D structure was built by energy minimization with respect to all atoms using the AMBER force field, as described under "Materials and methods." , respectively. The NeuE peptides are color coded as described in panel A. The 3D structure was built by energy minimization with respect to all atoms using the AMBER force field, as described under "Materials and methods".* Tables   Table I 
